ABSTRACT Crepis tectorum L., narrow leaf hawksbeard, Þrst was collected in Alaska in 1974 and by 2004 was a common weed in agricultural Þelds. Introduction and establishment of a new plant species in a region represents a potential new resource for herbivores, as well as a new competitor for plant species already present. Objectives of this study were to determine the preference for C. tectorum, relative to other common plant species, by Melanoplus borealis (Fieber), a generalist herbivore grasshopper common in Alaska, and to determine the potential impact of grasshoppers on this weed. In choice tests, M. borealis preferred C. tectorum over two native forbs, and a grass species, but dandelion, Taraxacum officinale G. H. Weber ex Wiggers, was preferred over C. tectorum. In Þeld cages, in each of 3 yr, grasshoppers reduced biomass of mature plants, ßowers, and seedlings of C. tectorum, but not other forbs. We conclude that this weed is a readily accepted new food resource for generalist-feeding grasshoppers, and although grasshoppers could potentially limit seed production of C. tectorum, generally grasshopper densities are not high enough to have signiÞcant impact on the weed populations.
Introduction and establishment of a new plant species in a region represents a potential new resource for herbivores, as well as a new competitor for plant species already present. The mechanisms enabling biological invasions are various and not well understood. Successful invasion by exotic plant species may be abetted by the absence of specialist herbivores that co-evolved with the plant in its native range, native generalist herbivores having greater impact on native plant species, or both (i.e., enemies release hypothesis, Keane and Crawley 2002) . The impact, or lack thereof, of generalist herbivores on exotic plant species has been relatively understudied compared with the role of specialist herbivores (but see Branson and Sword 2009, Eschtruth and Battles 2009) .
The agricultural weed ßora in Alaska is relatively new, with signiÞcant agricultural production only beginning in the early 1900s to support early gold mining camps (Thomas and Lewis 1981) . Additional agricultural acreage was added in 1930 Ð1940, and 40,000 ha of land was cleared for farming in 1978 Ð1982 in the vicinities of Delta Junction, Fairbanks, Nenana, and Point McKenzie. Conn and DeLapp (1983) found that newly-established agricultural Þelds are characterized by sparse weed populations comprised of native colonizing species. Native species were not favored when Þelds were cultivated each spring and weed ßoras shifted through time to being dominated by exotic plant species. Despite the increasing rate of new exotic weed introductions, the Alaskan agricultural weed ßora has fewer than half the number of species of Finnish spring cereal Þelds growing under similar light and temperature conditions as Alaska (Conn et al. 2011) . Thus, limiting introduction and spread of new weed species is a high priority.
Crepis tectorum L. (Asteraceae), narrow leaf hawksbeard, is native to Siberia and was introduced to North America by 1897 (Najda et al. 1982 ) and has spread widely since then. It Þrst was collected in Alaska in 1974 (University of Alaska ARCTOS database 2010). It was not found in a 1981 survey of agricultural Þelds in Alaska (Conn and DeLapp 1983) , but was a common weed in agricultural Þelds in 2004 (Conn et al. 2011) . Crepis also has invaded disturbed nonagricultural land in Alaska (Seefeldt et al. 2010) .
Crepis tectorum is a monocarpic summer or winter annual (Anderson 1989 ) with a potential for producing 3,360Ð49,420 seeds per plant (Najda et al. 1982) . It is a problem weed in perennial forage crops, annual cereals, oil seeds, and alfalfa in Canada (Najda et al. 1982, Peschken and Darwent 2006) . It is an increasing problem in zero-tillage spring wheat (Derksen et al. 2002) .
Grasshoppers (Orthoptera: Acrididae) are common, sometimes abundant, insect herbivores in the interior of Alaska. At least 14 species of Acrididae are native to Alaska and all have a wide geographic distribution in North America. A few species [especially Melanoplus sanguinipes (F.), M. borealis (Fieber), and Camnula pel-lucida (Scudder)] are crop pests, particularly on barley (Hordeum vulgare L). These species are common pests in many regions and all have a broad host range (Pfadt 2002) . In recent years, M. borealis has been the most abundant of these pest species in the interior of Alaska, and all experiments were conducted using this species. Melanoplus borealis is a generalist herbivore, feeding on a wide range of grasses and forbs, but is reported to show preference for forbs over grasses (Mulkern et al. 1969 , Brusven 1972 , Padft 2002 . The factors leading to outbreaks of grasshoppers are not well understood, but information regarding their food resources may be important to understanding the population dynamics of these pest species of grasshoppers.
Objectives of this study were to determine the preference for C. tectorum, relative to other common plant species, by M. borealis in Alaska, and to determine the potential impact of grasshoppers on this weed.
Materials and Methods
Paired-Choice Tests of Feeding Preference. Choice tests were conducted using excised leaves of C. tectorum paired against one of four other plant species that are common weeds where C. tectorum occurs: two native species [American dragonhead, Dracocephalum parviflorum Nutt., and Þreweed Chamerion angustifolium (L.) Holub] and two non-native species (common dandelion, Taraxacum officinale G. H. Weber ex Wiggers and smooth bromegrass Bromus inermis Leyss.). Individual adult M. borealis were placed in a plastic food storage box with a pair of leaves of similar area for 4Ð6 h. Leaves either were held in ßoral tubes with water, or high humidity within the box was maintained, to maintain leaf turgor. Leaf area before and after exposure to feeding by grasshoppers was measured using a leaf area meter (model 3000, LiCor Co., Lincoln, NE). The difference between the two readings was taken to be the amount consumed. Leaf samples of known area were weighed to determine the per unit area weight of the leaves of each plant species. The area consumed was then transformed to dry weight. T-tests were used to determine signiÞcant (P Ͻ 0.05) differences between C. tectorum and the other species.
Potted Plants. In another choice test, pots (20 cm diameter, 40 cm deep) were sown with four species of plants, C. tectorum, D. parviflorum, T. officinale, and B. inermis (C. angustifolium was not included because of poor germination). After plants had 3Ð5 true leaves, grasshoppers were conÞned to the pots by covering the potted plants with insect screening. Four Þfth-instar grasshoppers were conÞned to each of seven pots. As a control treatment, an equal number of pots also were covered with insect screening, but without grasshoppers. After 2 wk, the plants were clipped at ground level, dried for 48 h at 60ЊC, and weighed. Because grasshoppers fed on all plant species and biomass of all plant species was reduced relative to pots without grasshoppers, data analyzed were proportions of the total plant weight in a pot represented by each plant species. Data were analyzed (after arcsine transformation) with multivariate analysis of variance (ANOVA) (Proc GLM, SAS Institute 2003) with presence or absence of grasshoppers as the treatment factor. After obtaining a signiÞcant result from the MANOVA, each plant species was tested separately, comparing proportions of the total biomass represented by each plant species between pots with and without grasshoppers. If the mean proportion of a plant species in pots with grasshoppers was reduced relative to control treatment, it was considered to be evidence of greater impact of grasshoppers on that plant species.
Field Experiments. Cages containing grasshoppers were set up in a fallow Þeld near Delta Junction, AK ( This netting allows Ͼ85% transmission of direct sunlight, and reduces airßow by Ͻ5%. Cages covered an area of 0.25 m 2 and were Ϸ0.8 m high. Four cages were placed in each of eight plots. Cages were placed over patches of vegetation representative of the mix of plant species present in each plot. Because of heterogeneity of vegetation in the Þeld, the species composition and density of plants in cages was not uniform, but all cages contained some C. tectorum. One of four density treatments (0, 5, 9, or 13 grasshoppers per cage) was randomly assigned to each cage within a plot. In addition, to estimate the effect of cages on plant growth, an open area equal in size to that covered by a cage was selected at the beginning of the experiment for vegetation analysis. Just before the cages were set up, a survey was made of the initial plant community by counting the number of stems of each plant species within the perimeter of each cage.
Cages were stocked with fourth-instar M. borealis on 20 June 2007 , 25 June 2008 , and 24 June 2009 . In 2007 , cages were stocked with laboratoryreared insects because of the scarcity of natural populations. In 2008, cages were stocked with grasshoppers collected near the study site, after holding them in cages for 24 h to determine that all grasshoppers were uninjured during collection and handling. Grasshoppers were counted within the cages every 7Ð9 d. Mortality rates were nearly equal between density treatments and no restocking of the cages occurred. The experiments were terminated near the end of the growing season, after Ϸ8 wk, on 15 August 2007, 22 August 2008, and 18 August 2009. When cages were removed, a Þnal census of grasshoppers was made. In midsummer, on three consecutive weeks, the number of C. tectorum ßowers within each cage were counted. At the end of each season, vegetation remaining within the cages was clipped and sorted into three categories: grasses and sedges, C. tectorum, and other forbs. Small seedlings of C. tectorum were counted, but not clipped. Vegetation was dried at 60ЊC for 48 h and weighed.
Because the cages were set up in slightly different locations within the Þeld each year and because of the difference in weather between years, data from each year were analyzed separately. Because of the large number of zeros and violations of assumptions of parametric statistics, nonparametric methods were used to analyze the effect of grasshoppers on growth characteristics of C. tectorum and on dry weight of grasses and other forbs remaining in the cages at the end of the season. Cages were ranked within each plot according to the variable being examined and data were analyzed by FriedmanÕs ANOVA by ranks (Zar 1999; PROC Freq, SAS Institute 2003) . The effect of the cages on plant growth was assessed by comparing biomass, ßowers, and C. tectorum seedlings between empty cages and subplots without cages using the Wilcoxon signed-rank test (Zar 1999) .
Results

Paired-Choice Tests of Feeding Preference.
When excised leaves of C. tectorum were presented to grasshoppers in tandem with one of four other plant species, only T. officinale, was consumed by grasshoppers in greater amounts than C. tectorum (Fig. 1) . Grasshoppers consumed more C. tectorum than the grass, B. inermis, or the native forbs, D. parviflorum and C. angustifolium (Fig. 1) .
Potted Plant Choice Test. Results of the experiment using potted plants were congruent with the paired choice experiment. Biomass of all four plant species combined in pots with grasshoppers was reduced by an average of 76%, compared with pots without grasshoppers (P Ͻ 0.0001). Average biomass of each plant species was diminished by grasshoppers (Fig. 2a) , but the relative reduction of the different plant species differed (Fig. 2b) . Grasshoppers reduced T. officinale biomass by 80% relative to pots without grasshoppers, whereas B. inermis was reduced by Ϸ60%. Proportions of the total biomass in pots represented by C. tectorum and D. parvaflorum were unaffected by presence of grasshoppers.
Field Cages. Grasshoppers had a highly signiÞcant effect on growth of C. tectorum each year (Table 1) (Table 1) . Biomass of forbs other than C. tectorum was not affected by grasshoppers (Table 1) .
Total vegetation within the cages, averaged across all grasshopper density treatments, was considerably lower in 2009, compared with the two previous years (mean Ϯ SD g m The cages apparently had a positive effect on growth of C. tectorum. Biomass of C. tectorum at the end of the season was greater in the empty cages than in the no-cage subplots (Wilcoxon signed-rank test, S Ͼ ϭ 14, P Ͻ 0.02 in each year). Averaged over all years, over twice as much, by weight, of C. tectorum was found in the empty cages (10.4 g m
Ϫ2
) than in the no-cage subplots (4.5 g m
). There was no cage effect on biomass of grass or all other forbs combined (Wilcoxon signed-rank test, S Ͻ ϭ 5, P Ͼ 0.48 in each year), except in 2007, when biomass of other forbs combined also was greater inside the cages than in the no-cage subplots (Wilcoxon signed-rank test, S ϭ 14, P ϭ 0.016).
The number of ßowers was greater inside the cages without grasshoppers than in the no-cage subplots in 2008 and 2009 (Wilcoxon signed-rank test, S Ͼ ϭ 14, P Ͻ 0.02 in each year). The number of C. tectorum seedlings at the end of the season was not affected by the cages (Wilcoxon signed-rank test, S Ͻ ϭ 11, P Ͼ 0.07 in each year).
Discussion
The results suggest that grasshoppers have the potential to limit the impact of C. tectorum, an invasive plant species. The recent rapid spread of this weed in Alaska, however, indicates that grasshopper populations have not been consistently high enough to prevent range expansion of this weed. In Alaska, most species of grasshopper in agricultural settings exhibit alternate-year dynamics, with populations being very scarce in odd years. Therefore, any potential impact of grasshoppers on the weed would only occur during even-numbered years. Furthermore, the densities of grasshoppers used in the cages represent densities higher than are generally found naturally. The low-density treatment in this study was equivalent to 20 grasshoppers per m 2 . Although densities of grasshoppers exceeded 100 per m 2 during outbreaks in the early 1990s in this region (Miller et al. 1994) , since that time populations of M. borealis and other generalist feeding grasshoppers have remained Ͻ20 per m 2 except in very localized spots. However, grasshoppers in the Þeld cages had a large impact on the number of seedlings of C. tectorum at the end of the season. This type of herbivory would be largely unnoticed without a controlled experiment and could be affecting population dynamics of the weed (Strauss et al. 2009 ). Also, grasshoppers greatly reduced the numbers of ßowers produced by C. tectorum, suggesting that grasshoppers potentially reduce the size of the C. tectorum seed bank. Crepis tectorum represents a new food resource for grasshoppers that consume forbs. Choice tests between the three non-native weeds indicated preference for T. officinalis over C. tectorum, which was preferred over B. inermis. Both exotic forbs C. tectorum and T. officinale were preferred over the native plants C. angustifolium and D. parviflotum.
The two non-native forbs appear to have been preferred by M. borealis, which does not support the hypothesis that native generalist herbivores may have a greater impact on native plant species rather than on exotic plant species (Keane and Crawley 2002) . Even though M. borealis is a generalist herbivore, some native species seem to have evolved secondary compounds that are not palatable or suppress the appetite of M. borealis. For example, when M. borealis was offered the choice of C. angustifolium along with with C. tectorum, the grasshoppers ate little of either.
Growing conditions for the Þeld experiments varied among years. All measures of C. tectorum (biomass, number of blossoms, number of seedlings at the end of the season) were greatest in 2008. Grasshopper effects on C. tectorum were weakest, but still signiÞcant, in this year.
Though M. borealis showed greater preference for T. officinalis than C. tectorum in the preference tests, T. officinalis was a only a minor constituent of the ßora within the Þeld cages, thus comparisons of the two species were not possible in the Þeld. Crepis tectorum and T. officinalis appear to occupy similar niches, being low-growing succulent annuals or biennials with wind-dispersed seed that are most abundant in recently disturbed ground in both cropland and other disturbed areas within the agricultural landscape of interior Alaska (Conn et al. 2011) .
In the experiments with the potted plants, grasshoppers altered the relative proportions of plants growing together in the pots. Grasshoppers could reduce the proportion of a plant species by preferential feeding on that plant, or because that plant species was less tolerant of herbivory, or a combination of both. Although grasshoppers may have both direct effects (consumption of plant tissue) and indirect effects (altering competitive interactions between plants or the plantÕs tolerance of herbivory), we interpret these experiments to reßect the relative impact of herbivory on these plant species. All forbs, native and non-native were preferred over the non-native grass B. inermis. Forbs may be more vulnerable to grasshopper feeding because meristems are more exposed to predation (Begna and Fielding 2003) . Other studies have shown that M. borealis is a mixed feeder, with a bias toward forbs (Mulkern et al. 1969 , Brusven 1972 , Padft 2002 . This result suggests that, at high densities, grasshoppers have the potential to alter plant community composition.
We did not study the relationship of herbivory of these weed species on performance of grasshoppers, although previous studies have addressed the question of whether preference equates with a plantÕs quality as a resource to grasshoppers, and have concluded that in general it does (Hinks et al. 1990 , Gripenberg et al. 2010 . It is possible that adding new exotic species such as C. tectorum to the agricultural ecosystem could increase grasshopper populations and increase the likelihood of outbreaks, to the extent that the invasive weed replaces other, less palatable plant species. For this reason, Canadian researchers have recommended that weeds be controlled in fallow land or that fallow grounds be planted to legumes that are not preferred by grasshoppers (Olfert et al. 1995) .
Results of this study do not support the hypothesis that generalist herbivores have greater impact on native plants. In contrast, Branson and Sword (2009) found that presence of grasshoppers reduced the establishment of native grasses in stands of an exotic grass. In the case of C. tectorum, it appears that generalist grasshoppers do not aid the spread of this invasive weed, and at high densities can have a detrimental effect on C. tectorum.
